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EEEZ .CH MEMORANDUM

AN INVESTIGATION OF THE LOW-SPEED STASILITY AND CONTROL
CHARACTERISTICS OF SWEFT-FORWARD AND SWEPT-BACK WINGS
IN THE ALES 40~ BY 50~FOOT WIHD TUIMEL
By Gerald W, McCormack and Viotor I. Stevens, Jr,

SULIARY

An investigatlion lLias been made at large socale of the char-
aoteristios of highly sweot wings. Data were obtalned at several
angles of s1deslip on wingzs having anglee of sweep of *452, 2 302,
and 09, The alrfoil seotior}a of the wings varied from approxi-
mately MACA 0015 nt the root to HAGA 23009 at the tip. Each
wing wag investigated with flaps undefleoted, partial-fpan eplit
flsvs Aefleoted €0°, full-Apan eplit flnps defleoted 60°nna

g011t-f1lap-type niler-nn r aflected * 15°. Values of maximum

11rt were nbinined pt Reynolds nunhers rarging fron 5.7 tn
9.2x 10%. In th:is report the summarized results nre compared
with the pradicti~ne mnle by uce nf ths girvlified thenry for
the effect nf swrev ~iid *rAith existing small-scnle datn. The
basio wind-tu-rel vesulte fran vhich these gsummary .data were
taXen are included irn an apoen?ix,

The primary problems ncocompanylng the use of sweep as re-
veanled by this investigation are the loss 1n maximum 1irt, the
high erffective dikedral, and the sharp reduotion in lateral-
oontrol effeotivenese. In general, eimple theory enables good
prediotions to be made of the groes effeots of sweep bdut further
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2A
refinements are necessary to obtain the agocuracy required for
In cases where comparisons can be made, the

design purpcses,
indiontions are that, as uweep increases, scale effeots dimin-

ish and large-scale results approach small-scale results,

TiiTRODUCTION

Theory Indicatos and cxncrimeat has chown th-t the prime

seradyarnic effcot of wing swecp 18 t9 rcéuce by the e2sine

af the angle of sveep the elfective flight velnolity exper-
This tren cnables

ienced by the ~Llrinil scetions 27 tlio wing.

inergsace in meximus flight speed t2 e sttalned tefsre
Theary and

serisqus churiessitility cffoots arc scacuntercd.

experincrnt ales shov thet wing aweep introduces a number of

statility and enatrol provleme, tihic scrisuvancss 2f which

tocomes dccertuated at low £1iignt epecde,
3mall-scelc tcsts havc peiatel out the gencre)l nature aof

|
tiicec problens tad indleeted thoas wilch nmust te avercome if
They

tre high-speced bencfitc =f sveen arc 2 be rcalized.
cated thet tourdery-laror flov end, Lence,

vones

Lirve ale? supy
Rornalde nunbter hiae n nrofiund influcice ”n mcasurcd charac-

Leristice and that the valuc 2 spell-ecele tests rcmain
e extent aAf this influenee is under-

gnmevwiet dAsubtful until

8to2a.
8inec n2l-r e~8c8lc data wore avallieble far vwings with

large ongles 2f sveep, on 1nvestigailan 2of the offcote of
sweep ves confucted in the Aces LO-~ Dy E0-foot wind tunnel £

ard the rosulta are reporied hercin, It ia believed thet
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thesce data will g» far towerds esteblishing the detum required
tn estimate thc effects »f scale ~n highly evept wing plen
farans, 'ith this Lnowledge at hend 1t 1s evident thet thc
valuc 27 future snall-scnle tecats will be conslderably

incrcased.
This recort dlscusscs & sunrery »f the baslc results and

eomperces then with simple swent-wing thenrlcs end, vhers
prssible, with existing smell-scols @eta (references 1, 2, and
3). ™o arke the basic &cta svelledble for further anelyscs

they arc includcd an an appendix t9 this rcpart.
DE3CRIZTION CF IODELS

The five nodcls tested were exintecd of wing panels—froa
an avellaole elrzlene whieol were glven the desired plen forn
end svee) by individually foabriceted tips end center sectlsna,
Tre rc-:ultif.g angles »f sweep were 07, 30?2, aad U5° swecofor-
vard, end 3C?, #nd 457 swecpbaci: (mensured with refcrcncc to
the quarter-chord line of the nirinii sectinns). Asids froa
tre engle nf ewecn, the prime s>lun-form varisble wes considcred
tn be acncot ratin, The tips &ué ccater scetinne werc canstruc—
ted to glve the smalliest verietion of this paraceter noesible
without mndificatlon »f thc ~1rplcne wing nencls. No spooiel

rttempt wos mrde t2 contral the vorietinon of tapcr rntin, arce
ar span, Platagrephs of the wings ond plan-form drawings

with pertiacnt dinensinns sre shown in figurce 1 rnd 2, The

Ienmetric oi~racteristiocs »f the five 1}1:1';{; testad are listed
in tabe I. '

'




A NACA RM No. A6K15

The airfoil seotions of the swept wings were diotated by
the seotions of the alrplane wing panels (an NACA 0015 at the
inboard end and an NACA 23009 at the outboard end of ths panel),
The profiles of the csnter sections and tips were simply exten-
elons of the wing-panel alrfoil. To expedite construction,
three tips only were fabrioantsd: one for the swept-forward wings,
one for the stralght wing, and ons for the swept-back wings.
Thus for the swept-forward and swept-back wings oompromise tips
were used vhich were misalinsd 73° to the air stream, The twist
in the chord plane of the wing panels was approxXimately 1/4° of
washout, The Alhedral of ths chord-plane leading edge was kept
nt 09.

No attempt was made to improve the falrnsss of the wing
panels beyond the originpl manufacturing condition, Thus, due
to presence of various acoess platss, pansl Joints, etc., the
wings were rough to a greater degree than that normally
assoolated with latest construcotlon rsquiremsnts.

Partisl-span and full-span split flaps were testsd on all
models. The flaps vers 0.7) chord and wers deflected 60°.' The
span of the partial-sovan flaps was 0.623 wing span for all mod-
els; the epan of the full-gpan flaps varied slightly from full-
span (in no cass more than 0.0€4 wing span) as shown in table I.

Allerons wvere simulnted by attaching the outboard portion
of one of the flaps to the right wing and defleoting it #15°
(up~-defleotion was obtalned by attaching the flap to the upper

surface nf the wing). Thus the sllerons ns tested were

“Exoept whsre noted, all choris and spans used in this report
were measured pnrallel and perpendicular to ths plane of
symmetry. Flap deflsotlion anglss vere measured in a plane
perpendlcular to the flap hinge line.
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0.20=-o0hord split-flas-type allaraons,
The winge were mounted on a faired sting which in turn

wag atteched tn the three-strut supnort system. Photographs
af the ving installetions are shown in figure 1.

CCEFFICIENTS AiD SWI[BOLS

The deta are pregented in the form »f stardard NACA coef-
ficient: and symbnls &8 defined in figure 3 and the f2llovwing
tabulatisn., All faorces and zouents fre presented absut the
stability axes with their srlzir laceted sn the ro2t chorg,
or r22t cuord projected and at tie scme fore and eft location
as the quarter il.a.C.
oL 1ift coeffici-at (1irt/q3)
¢p drag coefficlent (drag/q3)

Cn pitching-mament c2efflclent ﬁ%wa)
6 rolling-noment coefficient ﬂ‘-l—ii‘gggli‘ﬂ‘l)
(& vaving mouent coefflicient (1525355%35533)
Cy gide~force croefficient (£E§§E§2£2£)
rete 2f change 2f 1ift crefficient with engle of
atieck, per degree
increcent »f 1ift coefriclient due t2 deflecting
flaps
maximum 1ift coefficient

rate of change of rolling-moment coefficlent with

sldeslip, per degree
raote 2f chenge 2f rolling-noment coefficlent wiih

ving-tip Lelix engle, »er redien
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rate of changs of Yewing-momgnt coefficient with
sideelip, per degrees

rate af change of rolling-monernt eoefficlent with-‘r
Alleran angle, per degree

rate of change or Cy. with 1irt c2efficlent where
1irt is increesged ﬁy chenging angle of attack

rats of change of Gy with 1irt coefficient where
1lirt 1g inoreaescd by derlecting Tlape

rate oI ckange of cﬂp with tle 11rt Coerficient
squared

ratis of 1ift te drag

dynanic Pressur:, pounds Per scuare front

velscity along flight path, feet Der gecond

angle o1 attack, degrees

angle of eideslip, degrees

angle 9f eweep of quarter chord line of airtail
sections, degreen (Sweepback 1g positive =ang
sveepforward ig negative, )

effective dihedral, degrees

eantrol surface deflecti:n, degrees

aspect ratis based arn epan (§:)

aspeot ratis based on length »f quarter chorad

ba
line ——
8 cos®)A )
Jones! edge-velcoity eorreotion

¥ -}
taper ratis, ratis of $ip Pd t¢ root charg (_t
’ v (]

wing area, equar: re.t*g il

'w.q-.
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0, mean eersdynamic chard of wing measured parallel
to plane of symaetry, feet
wing span measureld perjendiculer to the plane of
syuzetry, feet
ving=tio chara

ving—ront chord
TESTE AND RZ3ULTS

For eecoh »f the mndel coafiguretions six-component foroe
end pogent data were obalned ihrough an engle-of-attack rengs
at each of sevcral angles »f olleslip. The dnta waro. nbtained
at dynaalc pressurcs which rarze from 5 to 75 pounds per
square oot (R = 2.8 x 10% t2 R = 3.0 x 10%)%; mnet 2f the
data were nbtained &t dynemic prossures of 10 tn 20 pounde por
equere f7ot (R = 4,0 x 10% and R = 5,3 x 108, respoctivoly).

Tho basic deta obtaincd from vlic wind-tunnel tcsts ~f ths
five ewent vings arc described ia ilc apncnfix, Als» included
in the epnendix le m descrintion 2f the corrcctinone =nd tares

applied t» the data,
DI3cUssIorn

In this dlscueainn an evaluatinon is made »f the cffoct nf
wing swecp on the more icpsrtant acr>dynanic perameters and of

the c¢nnscquent effect mn alrplans perfarmance and etabllity,

STheso Reynnlde numbers arc bascd upon *he 1£,4.C. e a refer—
ence lcngth end ero the aminimun and naximum linite »f the
variation including thc change in chord length with sweep.




Alsn, ths acouracy with which the simplified eweev thesry may
be ueed to predict the characteristice of swept wvings is eval-
uated by a comparisen with the experimental data. Finally,

an attemot 1s made to onmpare nt least qualitntively the valuee
of the varioue characteristice as obtained at small-scale

(R < 1.5 x10%) and full-ecnle Reynolds numbere. The summary
data on vhich thie discussinn e based have been extracted {for
a teet dyrnamio pressure of 20 1lb/eq ft) from the neaeured char-
acteristice included in the appendix,

The cnnocpts edvanced by Betz in refercnce 4 form the
groundwork for the theory nf the aerodynemic cffeccts of

incorporating evecp in o wiug plan farm, Theec cAnscpts are

bascd 2 the assumptinsn that far on infinite-span wing only

the velnacity component narmnl tn the quortcr-chord ling
influcnces the preasurcs over & wing; tho spanwise component
of velaelty le ncgleoted. Thus, if the vclocity components
are resnlved pcrpendicular end prrallel to the querter-ohord
linc »f & wing, the effective dynrmic pressure over the wing
will decrcrec in preoartinn tec the squere »f the ensinc of
the nngle »f swecp cnd the coffcetivc engle nf attrck will
incresse in prapartinn to the recipraccl »f the cosine of
the angle »f swccpe Thesoc changes in effoctive dynemic pres-
sure «nd anglc »f cttrck brought absut by wing s\tce'p fora
the basis for the oxlsting simplificd ewoop thoory.

In interpreting the oomparigons to bc made between the
simplified thesry and expcrimcntal resultas, the limitrtinns
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of tho simplified thoory must be barne in mind, Over the

ro9t seotion 2f highly swept finite-span wings, particu-

larly highly tepered low aspeot ratins wings, the baslc aesuip-
tion that the wing reacts only t» £ir vclocitics normal to the
quarter-ch2ard line probably 4208 not hold., It agculd alss oe
noted that sinplified theory in its prcecnt form applies aonly
%2 wings vhiloh generate an additisnel leading due to angle-2f--
atiack change that is rectanzular in form. Therefore apure- —
ciable deviations frap rectengulnr 1loaling such as produscd

ty tamer will result in cdlsorcprucles betveen the thesretieal

and experimental resulti.

11ft Charcotceristiocs

Lift-curve slope.-~ The simplificd theory indicates a

decrerse in lift-curve slope propsrtisnal cnly t» €osA. T2
account for inductisn effects, & cwrsctien must nlss be made
far any variatlons of aspect ratla, Henoe, the effeot of
sweep 2n lift-curve slope, when oarrccted faor aspect ratio,
will be in accordance witk the reletisn:

4 ; Pl e [/ (a+2)],
(La)A e LE)A-O 84 7 [£32-20 ey

In eonformlity with standard nomenclature, aspect rrtln 1g
based 2n the.spen 27 the wings; however, there is same conten-

tion thnt alnce only air flow porpendisular t2 the quartenchard
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line 1s considered to affsct the aeradynemioc oharaoterietice,
aspeet ratis should be besed nn the length of the quarter~—
chord line, Such an assumption 18 ussd in the analysis
included in reference 1. In figure 4, the experimental
rezults (taken from the linear portion of the 1lift curvs) are
shown together with the credioticnas besed on theory for both
conospts 97 aspsot ratin?®, For swept-beok winge, basing ths

aspect ratin on the length of the quarter-chord line gives

ths bstter agreement; whereus for swept-forward winga, basing

the aspect ratic on the coaventicral span gives the better
agreensnt.

It is telisved that nelther cf thsce aspect ratic
ooncepts gives a corract picturs of the induction effects of
the vortex pattern on swept wings. It can be shown that -if-a
wing is swspt bacl, ths induction influences of ths trailing
vortiscss on the wing should be reduced, &nd oconversely, if a~
wirg is swspt farvard, the infuction inrluences cn the wing
should be increassd, That is, the effactive aspect ratin
increases with sweepback and deorecases with sweepforward for
wings of conatont gednetric aspect ratis (b?/8).

The lift-curve slopea for the wings of this rspart have

been sstimated using the methed of Fallner (reference 5) which

31t is recognized that a further aspecot ratin correetion,
namely, Jones! edge-~velonity oarrectinsn should be used.
Ths effect is 1, howaver, coamared %o the srrors
resulting fron the use of simploc ewosp theory., It has
teen cmitted, thereforc, in an cffart to indioate clcarly
ths adequaoy 7f simple ewcep theory in indicating the
lift-curve slope 2f highly ewept wings.
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tekee int» ononeideration the inductinn effects nf the awent

vortsx systez in a uore preclse manner, In applying this
rethol the sectisn lift-curve slops for these wings

<°1n = 0.153) vee used rather than tre thesrstical value

2
(c;a = 57:3) uced in refereance 5. The recults are shown in

firure 4. The predicted valuea o7 CLu and thelr veriation
witii eweep closely ap-roaxirate ths evperireantal results.
This indicates that, vhen irductisn elfects are properly
accounted for, fcourate predictiocas of lift—curve slepe oon
te nrde., It can be infarred tiien tuat the failure of simple
theary to accurately indleatc tic effect 2f aweep on
1ift-curve olopc is ~ result 27 Improper induction effects.

Taper epuedrs ta have a straaj cffect 21 lift-curvs slops

fue 1o 1ts lanerent iufluence »u lacuction effects. As
previsusly mentisned, the sianlifled theary strietly anslles
anly to rectengular lnading and heice tihe teper »f the wings

af the cutlect investipation may account for swpe T the

disorerancy betveen thsaretical sand expericenitrl results, In

an atteant t2 torrelate the effect nf taver o the 2ift-curve
slope of svwent wings, date from previ~us investigationg af
swapt wings having different &aper retineg (references 1525
3, G,and 7) are shovn in figure %5, For most 27 the investi-
gations the wing aapeot ratis (&efined as b2/3) ead taper
ratin 4id not very with sveep. For thoec ceecs where aspect
‘ratis (b?/8) varied witn swesp, thec deta were corrected to

‘the aepect ratin (b3/38) for the unewept wing.
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Examination of the data in figurs £ will reveal that,

&8 taper retin ls decreassd, the maximum value of lift-ocurvs
elope acours at greatcr angles 2f sweepback, The relatlon
between taper ratin and the anzle 2f sween at which the maxl-
mum value of lift-curve slope ncours 1a shovn in figure 6.
The figure dlscloses that in arder T> 2ttein maximum 1ift-
curve elone the taper ratlis should be reduced fron 1.0 as the
wing 1s ewept back and, by inference, lucreesed fron 1.0 as
the wing ls swept forward,

A campariesn af figwres 4 and 5 shows that values of
1ifrt-curve elope determined fraa lug.—scele tests shw no
better 2r paorer agreement with simple tiieory than valiuves
from emall-acales tests, It appears th:'t tiic nrincipal diee-—-
greenent between theary and exncriment iles in fallure 2f the
theary t2 properly eccount Ior the inductlon effects 2n swept
winge and thet in coaxperison the effecis 2f scale ere rela-
tively small.

Exeminatisn »f the nanllincar o2rtinn ~f the 1ift curves
and comparleon with smell-scale date shows that na conslstent
effects exliet which could be attributed directly t» scale
effect. Those differences which do exlst arc esmall snd
erratic in nature and prebably result from differences in
plan form, ving sectlion,and local wing reughness. -

Flap effoctiveness.- Aocording to simple eweep theory,
flap effectiveness decreasss as cos®As  An additisnal

carrection to scecunt for induction effects must bo appllied
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when comparing flap effcotivencss 7n vings of Aifferent aspect
retln, The esmaente previsualy nade rogarding the effoots of
infuction on lift-curve slope ajnsly oqually well to flap
effectivennas. In fact when o', (Cp a" end 8§ are meuis'\:.red
perpendicular to the quarter—-chard line, the effectiveness
paremeter alsy is unaffected DY awcep and the 1ift lncrement
produced by flap deflootion is dircetly proportimmal to clu'
or t» cla c28A, Hene: the thsoretical sffeot nf sweop on
flap lift lincreaont may be written either In terms of sweep .

ant aspeot ratio:

e o, [A/(av2)]p
\AGL)A - (ACI.)A a0 ena Ixm-;—o-

o in terms of sweep 8Bnd lift-curve slapes:

. (0y.)
(o), = (84 = o oosAT%:T‘Al—

vhere « 1s tho angle of attrok of the root chord.

In figure 7 the experimental reaulta are shown together’
with predictinns mede in aso7rdance with both the forogolng
relations*. It can now be seen that predicticns »f flap 1Aft
inoremont made in terms of aspeot ratls dsvicte from experi-
moent the seme as 4id tho predliotinnsg of lift-curvs alepo,

Hovevor.when prsdlctisn- are mado in torms of lift-—curvs

4Note thrt 1in oorrecting for espcot racln, the aspect ratin
wvas besed on the apan. As in tho caee of clu‘ if acpect
ratine were bosod on the length of the quarter-chord
etter agreemsnt in rlap lugtinorenentqwould have be.}?s" °
obtained for swept-back wings and pnHorsr agreement for
swept-forvard wings.
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e

eglopes, the agreement with experiment is almast ex2et. Thus L

the contral which CLE has on flan effsctiveness emphesizes

the impartance o»f fully understonding the effect on GL: of
the many feetors invalved; this 1s especislly si~nificent wiien

flap effsctiveness 1s enmnsidered in tTerme of alrplans contral

end perfarmence,
3ince the flap 1Aft ineremsnt 1s dependent upon 1lift-

curve slops, the eccneluslions caacerning the effect of sezlc

on lift-eurve slope apply squally well to flep 1ift increnent.

In general, 1t ean be sanld that sweep intraduces nn new scnle

effect on flap 1lift inerements msasursed £t low sngles of

otteck,
lioximum lift.- The effeet of sweep on naxioum 11Tt »f

ths wing without flaps, with 0.623 span flopa deflceted 609,

end with full-gpan split flaps deflected 60? is shavn in

figure 8. Attentilon is cnlled t9 the fuct thet the wings

tested were compnsed lergely of nraduetion wing penela with.

narmal roughnsss and irregularities such as caused by rceoss

plates. As ¢ result 2 the roughness, maxlmum 1lifts meosured

on these wings may be somewhet lower then those meesured on

smonth wings, Hovever, eince tns measured velues on thre

unswept wing appear to be reesonably high Tor the particular
airfoll seotions, it 1s bslievsd that the roughness wns not —
sufficlent to serinusly reduce the maximum 1ift meaeured.

As shown in figure 8,'éfoep in wing plen form produces
serious losses in maximum 1ift, EHowsver, for all tut ene of

e
<ty
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the wing configurations the msasured asnximum lift wes sqnal'
to or greater than simple theory would indicate, that is,
cluax 244 not in genercl deorease propartional to casA,
furthernnre, the geomciric angle »f attack for clnnx

(fig. 9) 39¢s not Gecreese Bc

[A/(A+2) ] mg
T are) 1,

vlrich would be predicted by simple thenry. It is probabls

thet epenwlsc bau;dqrj-iayer rlmr prev;nta stall fron
sprending rrom tip to ront on the swcﬁt-back wing end from
raot t2 t1p on tlie svwept=forward wing. It is alsn possible
thet this intense Eﬁunéary-lnyen dré}n 0llaws certain sectinns
nf the wing t2 resch abtnaornrlly hizh ecnglss »f attack prior
tn stall,

On the unswept wing the gain in mexinun 1ift cnefficient
cdus t2 flnp deflectinn 18 equal to the flap 1ifs 1nérensnt at
1ow angles of atteck; vherces ni the svept wings ths gains in
paxinoum 1lift eneffieclert are somevhati less thén the flap lirt
increuents realized at 1low easlcs of cttack, This is partic-
ulerly true far the 2utboerd gortioy of full-sprr fleps an °
the swopt~brok wings tnd'the 1nb?nyd rlfps on the swept-frwrrad
wings, (For swecpbrek nnglés gyéntcr than 30”, full-span
flans oroduce n9 grecter clmax thnnid; pertial-gpan flaps. )
Such éecrenses in flrp effectivonesa vith gween are Cisan-
polntiﬁg but not surprising, sinde near stall the ailr flow
18 scperated 2n the 2utborrd section of svept-beoﬁ wings and

the inboard sectinn of swept-rorward wings.

W
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The measured loss in o‘hax due to sweep aerinualj limits
sirplane perfnrmance. With either oartial or full-snan flape,
the loss in O . due to 45" of sweep would reguire increasee
in landing sveed anf aporoxinately 20 nercens.

Becruse of differences in taper ratio »nd a'rfoll sections
of models used for small- and large-scnle tests to date, nn
quantitative concluaisng can be drawn reg-rding the effects of
scnle on O

max
ever, 1t can be inferred that as the angle of sween is increased

at varlous angles of sweep. In general, how-

the effecta »~f acale become smaller. For instnnce a cnmparienn
of figure & of this report with figure 7 of reference & showa
that an increase in GL‘max sf 0.25 18 obtalned at 0° of sweep
vhen goinr from eémall~ to large-scale teets. In contrnst, in-
crenses of only 0.10 and 0.08 4n Oy . are gained «Ath 30° ana
45° aweepback. The increaee in °‘mx at 07 of eweep is in
general nceord vith what past experience has show to be a res-
eonable effect of acnle; whereas the increasee for the swept
winge f£all far short of wvhat sould be antioipated from experi-
ence on strailght wings. Thase dnta indicate that large-soale
tests show & much more rapld decrease of GL..,ﬂ with sweep than
4o model tests. This seems true vhether flaps sare deflected or
not. Since large-ascale results tend to appro-:ci: snall-scale
reeults at large angles of eweep, onnaiderabls care should be
taken ir trring to satimate lavge-scale airnlane osrfarmance
from evept-wing model teste. Expectationa of improving Gl'max
commensurate with that experienced at zero swaep are not lilely
to be fulfilled. The importance of this problem would indicate
a pressing need for swept-wing tests of a number of given nodels
throughout the full Reynolds number range.
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approximates thet ror the unewept wing. As stall is epproached
the L/D ratins of thc swept-back wings remain at least as high
as those for the unewept wing; vherees the L/D ratios of the
event-rorward wings show 8 rapid deorease.

Longitudinual Charaotcrlstios )

Tha effects of sweep 71 the 91tch1n94uouent charasteristics
of the plain wing, wing with p&rtia‘—apan flape,nnd with full-
span flapa are sh?>wn in '1gurce 11 to 13. fhe reparks wklcg
follow are based upsn the datl obtained on the plain wing
(fig. 11) tut in general lpply algn t5 the wings with partial-
or full-span flepa (fige, 12 and 13).

Fopr 11£% onofficiente lesr than 0.9, tho pitchlngbnqmen‘
e2%fficlicnts vary almost lincarly with ;irt coerflcicnt £nd
indicate thet forward sweep moavee the nerqdypantc centor
tarward (4 perocnt if.A.C. at ~i5° ewuep),'vﬁlle a!oqphaék,~
moves the aserndynsumic oenter feurwqrd'(E percent M.A.C. at
459 gwecp). At higher 1ift ooefficicnts the #5° swept wings,
and to a leegor degree the —307 swunt wing, eihibig an aunore
mal Ziving tendency. Simllar diviag tendcnelos of highly. swept.
winge have becn rapartcd proviocusly (rcfﬁrenoe 1}, Such
irregularitics in momeat cheracteristioa’do nat appear seritus
if ennsidered »nly in tcrms of tho clevator power aveilable
with a courventional tall. Howevor, the effect upsn static

astability andi tho abrupt variation or'olovatar pasqy;on and of

stick farece with epeed'naﬁ prave ?bJéoﬁiannblc ta pilots, In
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the case of a taillese design these irregularities would be
mare eerious. For inetance, if the 45° swept-bock vwing were
congidered a poseible desipn with the 0.LO-gpan allerdas used
fr longitudinal control (elevans) end with neutral stabilitcy
at 1w 1ift cnefflcienta, over 307 up-elevan iravel w2uld de
recuired to melntaln trim even 17 the eievon effectiveinees £t
1w 1ift coefficlents were maintained. Far tie U5” ewest-
farverd wing A sizilar but less extreme csnditinsn exieted.
Smeller contral angles wnould be reculred Lut the &rte indicute
rn abruptness 2T control matisa wialch, Yecause af the 1owr
danning irn pitch, night te serlious in tellless designe. In
coneidering the longitudinal stacllity it shauld bhe reneubered
thet the effects »f fuselage, tip shepe, elats, etc,, heve
been disregarded. It may be, and unpublighed data g2 indi-
cate, thet minar eanfiguratisn cianpres will rcnoéc tre diviaz
tendency rnd ite agsoclated vroablens,

Par 1ift coefficients Just less than Gxn.x, the awept
wings tested, with the exceptisn 77 the 30° swept-~farward.
vingz, exhlbited a strong clinbing ﬁﬁmcnp. Tils chrrecteristio
is 2bvinuely undeslrable slnéé it nekes inedvertent etall
culte 1ikely. In reference & a chnrt was prosented vhiox
defined, »n the basie af emall-scslc date, the bounderies of
aspect ratls and sweep angle wiilch would give a ving cither a

clinbing a2r & diving tendency near stall, Thig chart is

reprodﬁced hercin s figure 14, _Alen ehown an this figure

ere the dnte obteined in thie inveoatizetion, 3Based upan thesc

data, it .apoears that the chart a3 sct farth in refecrence &
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applies as well to large-scale a8 to small-sonle wings; further-
more, the ohart avplies to swept-forward age well ns awept-bnok

wings. Insofar as ths over-all shape of the nmitcl:ing-moment
curve is concerned larpe-scnis tests agrse generally with amall-

Arnin it

scale results vith the exception of minor differe:ces.
should be nnoted that these comparisons have been mads from exam-
inatis" of results of investigations on winge using ennventional
The validity of the stntemgnts regardins these onn-

sections.
parisons is as yst unsubstantiatsd in cases where laminar-flow

seations are involved.

Lateral Characteristina

Dihedral sffeot.~ Tre varliation with 1ift coefficlert of
the rolling moment due to sideslip is shown in figure 15 for the
Plain wings and in figure 16 for the wings «ith flaps. The pow-
erful influenocs of sweep on the dihedral effeot is immedimtely
apparent. (A socale of effective dthsdral for tho unsuept Wing~
has been shnwvm on the figures ts allow gonvenient cnmparigons.)
Within 1limits, the dlhedral effect due to sweep lacreases_in
proportion to 1ift cosfficlent.

Both the 30° and 457 plain ewept-back winigs reached a
maximum valus of 0O, of -0.003% (17° efrective dihedral) at

11ft orefficients nf 1.15 and 0.55, respactively. In the qase

of the swvent-forward wing the maximvm valus of G-‘B inorensed
with angle of sweep, being 0.0014 far the =30" zwent wing and
0.0020 for thas -45" awept wing. These maxi-um values for the

swent-forvard wvinge ocourrsd in both cases nenr a 1ift onaf-
floient of 2.9. It should be notsd that -hile the swent-baok

wings show much greater dihedral effect than do the sweot-
forward winga, this 1s due largely to the dihedral effect of
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the unswept wing, The incremental dilhedral effect is rougchly
of the sams order of magnituds o either directinn of sveep.

Ths meximum dihsdrel effect »f the wing with fleps
dsflected 18 considerably higher, ebout 32° f»r the i5°
swept-back wing with full-span fleps., Such extreme &lhedral
would make maintecaanecs 2f a wings-ievsel attitude in the lsndin;
approach almost imposeidble bsecuse 2T extrems sencitivisy in
roll to slight anzlcs of sideslip. ZEven viti: edequerte lotcrel
contrel it is felt thet n pilot would hove diffieulty in
rencting sufficisntly fast to prcvent reaching exceselve
anglcs of bank,

For the case wicre 1i1ft 1s chonged by changing engle of

rttack (flap deflection constant), cimplc swecp theory zives

the rmlloving reletion for the parcmeter 601,#/ 3Cp ¢
. anh i3 tond
(301g/%0n)y = (0rp/®L gm0 = 1/ ETS

s

8It 1s recngnized thnt toth 2f the termas or the right sile of
this enuntion should be modificd further by € corrcction
invelving aspect retlo end c¢dge veloelty, Simple theory
shows thet, wherc rsynmetrical 1lift exists, the carrections
would be the form A/(AZ+}). Azain the question erises s
tec what the value of sspect ratin chould be. Obviocusly the
choice is more complex then slmply declding vhetucr the
span should be braed on econventional span 2r guarter-chord-
line length. 1In attsmpting t9 correlate the subject dnte
ag well &8 other swept-wing dnta beth these & .praocches werc
used. 8ince neither proved consistently superiosr to the
other or t¢ simpls theory, it was decided to &eletc the
correction entirely, It is pnssible thrt =sdiitional study
of exlsting date togsther with futurs tests will reveal a
meeans 2f determining =n effective eepeoct ratin whicii when
uscd in this connsctilon will more eccurttely predlct ~ayu-
netrio loeding conditions, It should be noted, then, thot
throughout thc gections 2f this rsport derling with cayn-
metric 1l7.ding conditions (sideslip 2r ailerons dcflcc%ed)
ne correctiong for asnect ratis chinges heave becen applied
t2 the nredlctions for the effeect of swecp, —
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This relatinon hae been used to estinnto the valuec of
661,:/601, £or the five wings tested and the recults are
oorpered vith experimentel values in figure 7. Rensanably
gl agreement 1s shown exeept in the onse of the 157 gwopt-
gapwerd wing vhich had £ somcyhat lever velue of ecle/ &0y,
than was prcdlctcd.

For the CASO vherc 1ift 1s cheangot by changing 11ep
dcflcotion (engle of attaek constant), the tncorctical effect
of swecep On eclalacL 1e twicc thet given Dy tho foregolng

expreesion, thet 18,

vhere befb 18 the retis of flop epen 19 wing spen. The cstl-
mrted tnd cxpcrlment!‘.l resulte for thig cose bre eles shawn in
ripure 17. Tho cgroement peiveen theary end expcriment in thle
cres is Mly feir, The aisorcpanoy 1e probebly 4ue in greot
mepeure 9 frollure Af the thenry 2 praporly sconunt £or the
sprnwiso oenter of load. Theory ‘innca.tos rectongulnr 1snding -
thrt is, tht the center of réditional lond i.s‘r‘.pfalied ot nid-
somispen of wing or flAp. Movement of the conter of lond
inboerd 8 puch as 20 percent af the wing semiepnn would Yo
roquired to prke the discreprnoy petweon thenry snd experiment
vonleh.

Thus, relatlons obtained by means of the simplificd theory
rppenr 0 estimeto &t 1cast the groes offoots of 8wcep on the

prremoter acu/acb . A notnblo cxcoption 1s the cass of tho




NACA RM No, k6n5 234

45? gwept—forward wing which exiibits & dihedral effcct much
less than theory wouid 1indloate but #till greater than the
30° swecpt=—forward wing.

Since the problem of dctermialag the value of ec;ﬁ/écL
cnd ﬁ?e neximun value of C;s 18 5robebly the most serlisus
one freed by the designer 9f swent~tlng cirplence, & coasider-
rble effart has been mrnde 2 evelunte the effects of scxle 2n

evept-bnolk wings from the deta, Unfartunetely, sucl an
evnlurtion could not be sbtrined, Only the gonernliznting oan
te arde thet the effects of scnle oo Pr much lesr invoartant
than the cffects 2f ving gcometiry. Both large- r£nd sr::_nll-
scnle swent-bne-wing tcsts sadw vory simller cheprncteristiocs,
That 1s, thke valuc of oc;ﬁlecL “approximetcs thrt ;
precdlcted by theory, with £ aaxipum vrlue »f C;F belng
reached orisor t2 the etall, end £2llawed by » reductisn in

G;F ne the stell 1s aprrovched. #Hote thut these nnd the
folinwing consideratisns rcgnrding tlhic effects of seelé apply

to plain swept-brek wings only.

hg preoviously nnted, the viiue of emIF/ecL indicated -

by slmple theory 1s bescd up2n ihic vssunmption tlut the addl-
tisnel 1aad 1s coancentrated st the nld-semispan., Theroefare
merked differcnces 1n tiids prrimicter vould be oxpectcd vheroe
nonrectengular loading was knwwm €9 cxist. In comprring
cxnerimentel reeults with the theary euch was found t9 be the
casc. Refcrence 1 showed that for the recteanguler swent-doeck

wings the measured valuc wrs a8 much as 14 pereent morc than
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the predicted valuca The tests reported herein geve exoeri-
nental results lecss (os much as 1% nercent less) than the
predicted value. 3uchk differcnoes migiit be enticipnied sinoo
thoary shows that sweopbneck tends t2 siidlf't the load center
tawards the tips, and teper ratios lcass then 1,0 tend t2 ghift
the loed centcr towerda the ro9t, A caaplete underetending »of
this notinn coannot te had until morc thor-ough studics arc mode
of the c¢ffcets »f swecp ond teper an 12ad center. & first
eppraxinntisn (prabebly on averesrrcetion) of the ensver con
be reeclicd, havever, by simply ndjusting tie loaed ccntir to
correspand to the erce center, If This le done, theary wauld
foll within 10 percent of the resulis shown in this repart
vhlle, »f course, the dlscrevencles »f rcfercnce 1 wauld be
unchanged. Such a procedure apnlied t5 the results »f ref:rence
3 vould slightly avercorrect far the effeets 2f teper that are

sh7ovn. From thie 1t cen te:eoncluded thet the velue »f

ec;E/eGL can bec amraximeted to vithin 15 perecent by simple

theary; that a claser aparexismation cen be had ~ prabebly
within 10 percent -~ if thc ccatroid »f 1-d 1s cesuncé t2 lic
on the centraid of area, It is belicvod thot the offects of
scale fall vithin this letter crrar end prodbably erc »f the
sane gencrel magnitude as the e¢ffoots 2T sectinn 2r tip shepe,
' Zeto ¢2uld be found to ald in a quantitetive evoaluctlon of
these cffcots.

ith regard t2 ths maximum values of c;c llzcly t2 be

cncountercd with a highly svept ving, 1t apoenrs imp2scible to
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conclude nore then the feet thet a npaxinum velte exlaete for

every wing and that this maxinun velue tends to fecrease with

teper reatils, The data of tals report ané refcrence 1 shaw

very nearly the same asxinpws value (G;E i C.0O3% ta 0.5335)
3

far bath swept-back wings. Refererce 3 shows a very similar
maximun for the untapered winges Dut shows the maxirur decraas-
ing with both taper end sweep T nther wings, i» relatisn
seens to exlst betveen the 11ft cnefilclent at wvhliel tihe
paximun C;E sccurs and the maxinmum 11t coefficlent of the
wing, Since, havever, tre value of 60;;/50L, in genercl,
increases more repidly with sweep than claax decrenses, the
gaxioun value of Ctp securs &t prjgresolvely 1ovrer seroent--

ages 2T a3 gweep le inoreared, For inctence, Ior a

Cloax

452 gweptbec: wing, sccurs &t 0.6% clﬂax in refer-

Gy
Poax g

ence 3, 0.61 Op, . 1in reference i, end 0,70 Cp .. 1 the

deta f thig report; whereas Oy, £or & 307 swept-beck ving

rhax

acecurs &t 0,80 cI—;:.ax' 0,82 chax, and 0,51 clnnx for tlle

same dote, recpectively. 3ince the phenamenon wilch enueses the

velve °f C;p t2 peal nre nat coamnletely undercinsd nt the

oreeent time, an accurate predictinn 27 its velue ir lnvsa-

sible. Txamiratisn of rll avallebie drta lends, however, to

the canclusisn thet if a maximum velue of -0,C033 1s chasex

the cholce oon be o-nsidered eomservetive, but £ the preasent,

wind=tuanel tests rust be relied upnn t2 give the exact

answer, Certzinly this prablen is worthy of sdditisnal study.

Until the governing factors are more clearly defined it renalne
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iopossible tn dAeternine to what extont CIE ¥ ie ~ffected bty
max

scalc,

In the casc 7f swept-bacz wings vith flens deflcoted tlc
exmount 2f correlation possitle betveen large- and smril-scsle data
is extremely limlited nnd the rcculte fer leee emenable t9
interpretetion. For wnst casce exaninel theosry gave at lzast
e slightly conscrvetive volue of acpﬂlacL vhere the chenge
in 1ift coefficient was due elther ©» ¢ Tlep deflectisn at
oonetant angle 2f atiack or & ciiengo of ragle 9f cttecic with
flaps deflected, ALl thie deta, lorge oad esuwcll scale enoved
or indicated tht & velue of Clﬁq cxlicted oné that it

fatib 4
inoressed with sweep. %Wille n2 sysicuctic variation »f Clﬁ;ax
vwith wing geonetry ocnuld be ascertalned, nanc 2 the dnta
showed a value greater than -~0,007. Fa2r the preeent, ther Tare,
if winé-tunnel teets ore nat avrllavie tae test eooraameh 9
predicting Clﬁ chorecteristics Af swest wings with fleoe is

PR

t2 ugse simple theary t2 nredict eczﬁ/GCL end t» concider

-0,007 C;ﬁ a8 the maxiaoun.
9 goarrelation wes atlenpted wivii the swept-forweard-wing
dnta becruse 27 the scercity »f loaw-eccle testa.

Alleran effectiveness.~ The varistiomn of nilleron effective—

ness witii 1ift coeffiolent 1s shown in fipure 1%, The vealuca-
af aileron effectivencss shown in figure 1€ were obtained rs

the 4C, produced by -15° or 15° of aileren deflection ond
hence ere ACy/48, rather then & true Cigys It is lomediatol:

apparent that alleron effectiveness decrenses with ewecp,
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dcereraing re auch as 56 percent ror US? of swecp. Tne effeo—
tlveness oI the ailicrane 2n tho avept-beek win~e Secrocecd
with 1ift cnefficlent, rapldly at =igh 11t coefficlents.

This is duc t2 a lnes in effectlivceness 2f the upwerd dcfleeted
rileran which 1s in the weke »f the seprreted flov ond Licnce

emtributes little or nothing t2 the rolling amment. The
fllerons on the svept-forvard winge showv a generel inerecse
in effectiveness with 1lift cocfilelent, nrotrbly due 52 &
fevarable effeet af the spnnwiass boundrry-leycr drein.
aceording t2 the elmplified tleary, o8 » wiar 1s ewent,
the ailernan effeotiveness wllil deerceaec, s far any flep, in
propaortion t2 the o62s%A. Thoat 1g, wien eorrcetions v
aspeet rotla are ignored the véluc nf Clsa 1 zivca by the

£o11awing relatisn: (3ce footante &, p. 21)

5 - 3 ;BA
(ctaa)A \clsn)A ey cae 2

Thils relation has bucn ueed t92 prediect the veriation of
alleron? effcetivences with sveep o the five wingd‘tested,
end. the results urc oqupercd in firure 1 with the experi-

aentel deta crass-platteld fron firure 18 foar gern 1lift.

"he alicrone 22 the wings 2L this investigrtion verled vati
in thc roletive smount 9f wing erce affeoted ~né In ile
relrtive spanwlsc lacetinn 2 the center oaf mressure 2f
the cren offectcd, In comparing theory ené cxperiacnt,
these veriatione were mccounted far by carrecting the
thearetical valucs 2f alleran oiffectivencse in r~ram-rtion
to the ratins of the rclative arec end spenviee center 2f
pressure 2f the swent wing t2 the rolrtive eren =mnd spnn-
wise oenter 2f pressure 2f the unswept-wing.
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For eitier sweepfarwerd or sweepback tlis experimentel vslues
of alleran ef'feotivanua are as nuch as 20 percent lsver than
the thearetical values. :

The faregaing results shav that eilersn effeetiveness is
reduced by wing eweep and that on swept-beck wings the aileran
effectiveness is further reduced at hizh 1ift cnefficients.
Ingafer aeg ro21ling contral at low lift e%efficieat is

corusernaed, theory shows that OC) is reduced in propsrtian

t2 cnsd; vhereas 07,5 is reduced in »ropartisn t2 c2e?®)
a
and hence 105/2V will be reducsd in propartisn to casA for

e given size »f alleron. In geaeral, therefmre, 1t appeara

that, to maintein & given value »f pb/2V, ailersn size zust

be increased as wings are swept, as ligher 1ift c%efficlents

are reached the lateral-cantral jroblea becoues . artloularly
pronocunced. Htanly must pawverful loteral contral be provi:'.ed
t2 avercone great dlhedral effects but iie rssults resarted
herein show that aveilable lnteral contral, at least far
swvept-back wings, decreases merisusly with 1ift cnefficlents.
For exsmple, with the 452 swept-bacl wiag equipped with full-
span flaps and flying near c,_mx, 13 of tatel allersn
defleotisn would be require? to hold the winge lsvel for anly

1? of sifasslin, The need for devslopacit 77 adequete ailerasn

osntrol »r a neans t2 rsduce alleran eantral requirements is
nbvious,

r-3
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of instabllity vhich has been discussed in reference 8. The
data cbtained in the investigation renarted lLerein substantiate
previsus tests conducted on. small-scale nodels &nd conse-
quently indicats that nmesns must be found t2 balence clp eald |
Cn £ e

COCLUDING REiisRLS

Large-scale tsats irdlcete that the primary orableme t9 be
averosue befors successful use oril be mede of hizh: angles of
svees are (1) high &lhelral effects accompanied by paor lsterel
eontrol at high 11ft coefficients, (Z) inw maximun 1ift value
together with low flap effectiveness, sné& (3} repid shift in
neutral psint in thre maderate to high lift-ecoreffliclient range
osupled with'e possltllity 2f strong stellins moment at maxi--
mun 11ft resulting from poir plen~form cholce.

In genersl, simple theary enables z75d predictlsns t2 be
mads 2f the gross cffeccts 2L sweep 7 wing cheracteristios,
tut 1t is felt that the acouracy is lnadequate £or purprses
af design. It appears that the majority of the lnmccurscles
result from an inoamplate understanding 2f the effeots »f
aspeot ratlo.

wherc it has been found poesible t» oompare 1arize-scale
data with small-soale deta a comparisaon has shown thet vhere

gesle cffcota oxlst at low angles 2f evec), scele effects
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tend to venleh atb nigh englee 7T swessd with large =€ 10 resulte

approsching emall-scale rasulta.
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APPENDIX
Description 2f 3asic Vind-Tunnel Teat Results

For each swept wing, six-component force data were

nbtalncd at severel angles nf sldeslly end scversal valucs »f
dynenic prossure., (See fig. 23 far veriatisn af Peynoids

nucber with dynamic pressure.) At cach enzle 2f sldeelin,

several madel oonfipurations were tested Ancludine slailn

wing, wing vith partial-sohan cplit flape, wing with fulli-span
8plit flapa rnd wing with eplit-flap-trpe alleron. The deta
abtelned erc presented in figures 2 to 91 in terms »f the
variatiosn »f the measurcd characteriscics with 1lift coefficlient.
Table II faras an index »f these flgures presenting the basle ‘
data, e

All the Gata are referred t2 the stability axes vhase
origin 1s lacated at & psint on tlie rost chord »r rost chord -
prajected ané at the seme fare and eft lacetlsn as the quarter
1.4.0. The test results arc presenicd in the farm 2f standard
SACA coefficlcenta &s defined in the soctlan Coefficlente ond
8;obals.

All the bpesic wind-tunnel d.ia lieve becen coarrected far
alr stream inclinatlisa end far wind-tunicl-wall effecta. &
brief anelysls 7f the effcoct 2f swveen 2n tunncl-wall corrections
indicated that the average carrcctlosn clther vith ar without
sweep was anpraxlontely the seme for the tunnel wiang cor_xrigura-
tions considercéd. EHEence the strnderd c2rrectisns far unswent

vings were applled.
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Force teasts made with the stins supgort rloac in tze
tunnel shawed thet i1ts tore should be negligible except in
tiie case 9f pitching monent, drag ané yewing moment. ileasurod
pitehlng-moment taree ere belicved rellable cad were apriled
t2 &1l the data, Whlle the drag teres sre apsreolsatle
(nporoximetcly 0,02 .in the oase of the unswept wing vhere
the erec 1s smnll and decreasing o the ewept vings wherc
the cree 1s lerger), 1t is folt thet thcy could not be
detcrmined with sufficlent accuracy 2 werrent epnlientling,
Hence n2 dérag torcs hove becn od)lled, Sinee the nersurod

yaving-monent tarce (fig, 92) wore cnmell, they were nnt

noplicd to the brelc data, YHowever, ln rpnalysle of the éntn

1t wes found thot the teres weore reletively oree "hen
coupered to the effcota 2f sweep. Tn arder then o praserly
agsces the qf!‘ccts af sween, Lt wno ncscceary to2 annly teres
t2 the susmery fata vhick 1g, thorclare, showa fully ‘carrected

in figures 20, 21,ané 22.
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(&) The U5° gwept-rorwara wing,

{b) The unswept wing.

Figure 1.- Photographe of three of the ewept wings mounted in the Ameg
~ by 80-foot wind tunnel.
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"AP? LOGATION OF ROCT CHORD 38 0 .85 NAD.
I8 480 OF V130 GRORD MEASURED PARALLEL

Laz as'
—623%b

'-—-sra'---—A‘

—

STELP = -40°, AREA = 336,05 83 FT, ASPECT RATIO = 3.18, TAPER RATIO = .38

= ST :

p—— - ———— B2 I A g—— - -I

NI = -30°, AREA ® 20N.3 IQ FT, AGPEOT BATIO = 4.89, TAPER BATIO = 40

Figure 2a,b.- Geometric charactsristics of the swept wings.
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SNEEF = 0F, AREA = 201.8 8 FT, ASPEIT RATIO = 4.88, TAPER MATIO = .55
A OOMMITTER
:u'g-mm o8

| e Ak e 5 SR LI rrra

]
s MREA = 38,4 0Q FT, ASPEOT RATIO = 4,84, TAPER RATIO = .44
- e T
62.9%4 i

. T.08" o

UEEP = 4400, AREA = 300.8 8q FT,
““-Iﬂr TAFER MATIO = .40

- Pigure 2b,- Concluded.
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NATIONAL ADVISORY COMMITTEE
FOR ARRONAUTICS

Figure 3.- aifn convention for the standard NAGA coefficients.,
All fo

Tces, moments, angles, and control surface
deflections ars shown as positive,
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Figs. 6,7
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